Organic species are easily adsorbed onto metal electrodes, due to the high surface energy. This principle is widely employed in electrodeposition to obtain grains with a given shape and size. Electrodeposition in organic electrolytes and ionic liquids is expected to produce deposits whose properties will be modified by the nature of the species present in the bath. Here, we analyse the voltammetric profiles for the reduction of two different gold complexes, tetrachloroaurate (III) ( 
Introduction
The electrodeposition of highly electropositive metals is performed in electrolytic baths where high voltages are accessible. At present, materials such as Al, La, Ta, Ga, Na and Si, among others, are deposited in organic electrolytes or ionic liquids where the chemical stability of the organic species leads to a wider potential window. [1] [2] [3] [4] [5] [6] Capping agents are used in electrodeposition to guide the growth of metal or semiconductor crystals. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] These organic species adsorb onto electrodes and electrodeposits as a result of the high surface energy of these materials, which ultimately influence the shape of the growing grains. Therefore, the chemical nature of the organic ions present in ionic liquids and organic electrolytes may have a strong impact on the morphology of the deposits produced. To address this, we chose to electrodeposit a noble metal, gold, because the films obtained remain stable after exposure to air, allowing the morphology to be readily characterised.
We analyse the cyclic voltammograms of AuCl in organic media has been reported, [20] [21] [22] [23] the physicochemical aspects of the differences with its reduction in water were not discussed. Here, we analyse the thermodynamic aspects involved during this process and their implications.
Experimental
Electrochemical measurements were carried out in a Braun 130 glovebox with O 2 level < 1 ppm and H 2 O 3-4 ppm using a CHI 660 potentiostat, with iR drop compensation. A three-electrode arrangement was used. A gold disk 5mm diameter was employed as the working electrode and platinum mesh as the counter electrode.
The reference electrode was a commercial silver wire in a capillary tube immersed in the supporting electrolyte solution employed and separated from the analyte solution by a porous frit. After each experiment, a ferrocene solution was added as an internal standard to set the potential scale. Au/Si(100) subtrates were prepared by e-beam evaporation of 20 nm of chromium followed by 100 nm of gold using a BOC Edwards Auto 500 evaporator (base pressure: 5 10 -7 mbar). Prior each electrodeposition, they were cleaned with H 2 O 2 + 1 M KOH, followed by electrochemical stripping in 1 M KOH. 24 The clean substrates were blown with N 2 and transported into the glovebox. Voltammetric simulations were carried out, employing the Windows-based software supplied with the 660 CHI potentiostat.
The surface topography and roughness (rms) of some of the resulting films were also determined using an Asylum MFP-3D atomic force microscope (AFM).
Morphology and composition were studied by scanning electron microscopy (SEM) and energy dispersive x-ray analysis (EDAX).
Results and discussion

Electrochemistry of
− 4
AuCl
In aqueous solutions, the reduction of
AuCl to metallic gold takes place via a single three-electron process, [25] [26] [27] . which reflects the structuring effect exerted by such small hydrophilic ions. This is in agreement with thermodynamic calculations that predict solvation entropies of halides in ionic liquids to be negative. 34 All this evidence indicates that the insertion of Cl -in ionic liquids or aprotic solvents modifies the solvent environment unfavourably, increasing the energy barrier of the overall electrochemical reaction. A similar behaviour was reported in the electrochemistry of TiCl 4 in ionic liquids, where the impossibility of electrodepositing Ti was attributed to 'kinetics and thermodynamic barriers' imposed by the media. AuCl to metallic gold is highly dependent on the surface morphology of the polycrystalline working electrode. Moreover it has been reported that it also depends on the electrode material. 22 In the reverse scan, the cathodic peak P 3 shows the reactivation of the electrode. In general, this happens when inhibitory species are removed from the surface leaving the electrode exposed again to more gold electrodeposition, at potentials where the electrodeposition of gold is still favourable. Contrary to what one might expect, P 4 has been assigned to the oxidation of Cl -to Cl 2 rather than to the formation of
AuCl , given that similar anodic peaks were recorded with solutions containing only Cl -, at glassy carbon electrodes. 36 The stripping of gold to produce gold chloride complexes takes place at much larger anodic overpotentials. 21, 22 The inset of the figure shows the voltammetric response obtained in the ionic liquid TBMA + NTf 2 -. Although the voltamograms recorded in DMSO and in TBMA + NTf 2 -are quite similar, the magnitude of the current in the later case is considerably smaller. This is related to the high viscosity of the medium. 37, 38 A detailed analysis of P 1 will allow us to evaluate and quantify the interaction of organic ions with the electrode surface. 39 Without organic ions, the slope of E p 1 vs log v gives a n'α c value of 0.86 ± 0.04, where n' represents the number of electrons involved in the rate-determining step and α c the cathodic transfer coefficient. Given that n'α c ≤ 1, it is deduced that the number of electrons involved in the kinetic step is one, with α c = 0.86 ± 0.04. 39 In other words, since the electrochemical step P 1 is a two-electron process, the transfer of one of the two electrons is slow while the other one is fast. , around one order of magnitude smaller than in its absence. Simulations were performed employing these electrochemical parameters, leading to a good agreement with the experimental profiles (see inset Fig. 3 ). It seems that TBA + slows down electron transfer reactions but it is only perceptible in already kinetically controlled processes. 49, 50 The influence of TBA + on the morphology of gold electrodeposits will be discussed in section 3.3.
Electrochemistry of −
) (CN Au
Gold was also electrodeposited from organic solutions containing
The electro-reduction of In DMSO, only one cathodic peak is recorded (~ -2.5 V) which suggests at first that the reduction of is electrochemically irreversible. However, the simulations obtained with the electrochemical parameters derived from plots equivalent to the ones shown in Fig. 2 do not match the experimental profiles (Fig. 4a) . At low overpotentials, it can be seen that the current of the experimental curve is larger than the one in the simulation.
Besides, on the experimental curve, there are two overlapping anodic peaks on the reversed scan. These profiles were reproducible every time the gold surface is polished, which indicates that these differences cannot be attributed to preferred electrodeposition and growth on different facets. Consequently, the cathodic peak for the reduction of (6) and (7) taking place simultaneously. In the ionic liquid TBMA + NTf 2 -, on the other hand, these two reactions take place at slightly more different potentials, since two separated peaks appear overlapped (see inset Fig. 4a ). Given that reactions (6) and (7) cannot be studied separately, no reliable electrochemical parameters were derived from these experiments.
As it was noted before in the reduction of
AuCl , the voltammograms recorded with TBA + in the solution also exhibit a shift of E p towards more cathodic potentials and a decrease in the overall current (Fig. 4b ). It is well established that the quality and properties of gold electrodeposits is strongly influenced by the nature of the complex employed. 55, 56 For instance, in the kinetic-controlled regime, the deposits produced by the reduction of
Morphology of films produced in
AuCl (Fig. 5a-c ) have uneven grain growth, while the films obtained from (Fig. 6a-c) . As it was mentioned earlier, the reduction of
AuCl to metallic gold is strongly dependent on surface morphology of the electrode, given that P 2 is not reproducible after the electrode has been polished (See Fig. 1 ). This together with the in-plane image of the deposits obtained at low overpotentials (Fig. 5a-c) indicates that the local facets present in the substrate lead to a preferential nucleation and growth of certain grains. Baker et. al. 57 have recently shown that the bonding between Cl and the Au(111) surface is primarily covalent while with the other faces remain ionic. Thus, the shielding effect of Cl chemically adsorbed onto Au(111) will produce different growth rates of the crystallite facets. It is worth mentioning that at higher overpotentials, this wide size distribution of the grains is only maintained in the absence of organic cation species (compare left column in Fig. 5 with the middle and right columns in the same figure) .
Left, middle and right columns in Fig. 5 and 6 are the images of deposits produced in solutions containing K + , TBA + and TBMA + , respectively. In Section 3.1 it was estimated that TBA + present in the electrolyte covers at least 34% of the electrode surface. Therefore, the electrodeposits formed will preferentially grow on the bare areas of the electrode. In the Figures, this is seen as an increase in roughness.
There is also a change in the grain shape. The almost planar cross-like conformation of TBA + 58,59 leads to the formation of star-shape lamellae or rosette deposits (Fig. 5b, e and g; and Fig. 6b and e) . The right column of Fig. 5 and 6 are the images for deposits produced when TBMA + is in the electrolyte. TBMA + is similar to TBA + but with one of its four chains shorter, which resembles a T-shape. 60 When the deposits are obtained from the reduction of
AuCl , the gold particles formed seem to be polyhedral rather than spherical (Fig. 5c ). When the electrodeposition is carried out in solutions containing
, small rectangular grains can be distinguished (Fig. 6c) .
These polyhedral features could be caused by the particular T-shape of TBMA + adsorbed at the electrode surface, although the high viscosity of the ionic liquid could favour selectivity towards the formation of crystalline structures. 61, 62 The deposits shown at the bottom row in Fig. 6 are produced at potentials where the organic species present in the electrolyte are being reduced as well. They are fibrous spongelike films.
The roughening effect of TBA + was evaluated by AFM. The smoothest films produced are those from 
Conclusions
The electrodeposition of gold in several organic media was explored. Analysis of the voltammetric profiles and SEM images of the films obtained in the different electrolytes allowed us to understand the role of organic ions on the kinetics and morphology of the deposits produced.
The differences found between the electrochemical reduction of Organic ions strongly influence the shape of grains and roughness of gold electrodeposits. This is a key fact to take into account when employing organic media for electrodeposition.
Since electro-catalysis is highly dependent on the presence of active surface states and the morphology of the deposits, some of the baths presented here could be employed to grow rough electrodes for electro-catalytic applications, such as in fuel cells. 
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Research Highlights
•
The adsorption of Tetrabutylammonium at the electrode surface was shown to cover ~ 30 % of the total surface area.
• A decrease of one order of magnitude in the kinetic constant for the reduction of
AuCl was calculated.
• Organic ions strongly influence the shape of grains and roughness of gold electrodeposits.
